We discuss the possibility of using cosmological fast radio bursts (FRBs) as a viable cosmic ruler. We find out that the contribution of the host galaxies to the detected dispersion measures may be ignorable for the FRBs not from galaxy centers or star forming regions. The inhomogeneity of the intergalactic medium (IGM), however, causes significant deviation of the dispersion measure from that predicted in the simplified homogeneous IGM model for individual event. Fortunately, with sufficient FRBs along different sightlines but within a very narrow redshift interval (e.g., ∆z ∼ 0.05), the mean from averaging observed dispersion measures does not suffer such a problem and hence may be used as a cosmic ruler. We show that in the optimistic case (e.g., tens FRBs in each ∆z have been measured; the most distant FRBs were at redshift ≥ 3; the host galaxies and the FRB sources contribute little to the detected dispersion measures), FRBs could help constrain the equation of state of dark energy.
Very recently, Thornton et al. [1] have reported the detection of four millisecond-duration radio bursts (hereafter FRBs) all more than 40
• from the Galactic plane, confirming Lorimer et al. [2] 's discovery. Current data favor celestial rather than terrestrial origin since the arrival times of individual pulses follow the ν −2 law that characterizes the propagation of radio waves through a cold plasma, where ν is the observer's frequency. The host galaxy and intergalactic medium models suggest that the FRBs have cosmological redshifts (z) of 0.5 to 1 and distances of up to ∼ 3 Gpc. On the other hand, so far no reliable γ-ray, X-ray or optical counterparts have been identified and only tentative association of single dispersed millisecond radio pulses with two Gamma-ray Bursts has been reported [3] . Now FRBs have attracted wide attention and some groups have started to do the "followup" observations. If counterparts can be reliably identified and the cosmological origin has been directly confirmed, one interesting question people would ask is whether FRBs can help in measuring the geometry of the universe. This is because the dispersion measures (DMs) of the radio bursts contain valuable information on the cosmological distance they have traveled, which in turn provides us the chance to constrain the parameters governing the universe particularly if some FRBs were at redshifts z ∼ quite a few. In the sample of [1] , the brightest one is FRB 110220 with a flux ∼ 2.5 Jy (at 1.5 GHz) and the inferred redshift is z ∼ 0.81. The other 3 FRBs are dimmer by a factor of ∼ 3 − 4. Due to the narrow band of the detector, the energy spectrum of FRBs is still unknown. If the spectrum in the range of 1-10 GHz is as hard as (or harder than) that of FRB 110220 in the range of 1.219-1.494 GHz, events similar to FRB 110220 but at z ∼ 3 are observable. Motivated by these facts, we discuss the prospect of using FRBs as a new cosmic ruler. In particular, we investigate their potential in better probing the equation state of the dark energy (i.e., w = p/ρ, where ρ and p denote the total energy density and pressure of all the species present in the universe at a given epoch,respectively) since in some models w differs from −1 and evolves with z [4] . We are aware that the possible roles of FRBs in probing the (missing) baryons in the intergalactic medium (IGM) have been discussed in [5, 6] .
In general, the rate of expansion of the universe at a redshift z, H(z), is described by the Friedmann equation
where H 0 is the rate of expansion today, Ω M and Ω DE are the matter (including baryons and dark matter) and dark-energy density with respect to the critical density ρ c = 3c 2 H 2 0 /8πG today, and Ω k = 1 − Ω M − Ω DE is the spatial curvature density of the universe [e.g., 7], G is Newton's constant. Distances, such as the distance traveled by the photons, depend on the integral of 1/H(z) over redshift (i.e., dL ph = cdz/[(1 + z)H(z)]). As a preliminary approach, we simply take Ω k = 0 and w = const. The mean dispersion measure caused by the inhomogeneous intergalactic medium is given by
where X e,H and X e,He are the ionization fractions of the intergalactic hydrogen and helium, respectively. Different from [6, 8] , we call the above expression the "mean dispersion measure" since the IGM is found to be inhomogeneous and significant fluctuation of individual measurements along different sightlines is expected [5] . As shown later, such a fluctuation has to be carefully addressed in our modeling. Current observations suggest that for z 6 ( 3) the intergalactic hydrogens (helium) are fully ionized [9, 10] . For z 3, it is reasonable to take X e,H = 1 and X e,He = 1. At z 1.5, some 90% of the baryons produced in the Big Bang are contained within the IGM (i.e., f IGM ≈ 90%), with only 10% in galaxies, galaxy clusters or possibly locked up in an early generation of compact stars [9] . While at redshifts z ≤ 0.4, the locked baryons are found to account for ≈ 18 ± 4% of the total [11] and we have f IGM ≈ 82%. The slowly evolving f IGM at low redshifts is indeed a challenge for our purpose. However, as many FRBs with known redshifts and DMs have been collected, with proper treatments the influence of the evolving f IGM in constraining cosmological parameters might be effectively suppressed. For example, if we adopt ∆ DM = DM (z) − DM (z b ) for z b ∼ 1 rather than DM (z) to constrain the cosmological parameters, the effect of evolving f IGM at low redshifts would be reasonably removed. Therefore in the rest of this work we take f IGM = 0.9.
The type Ia SNe are excellent cosmology probe [12] and the most distant Type Ia SN yet observed was at the redshift z = 1.914 [13] . To be a viable/complementary cosmic ruler, DM (z) should be obtained within an accuracy of ∼ 10%, i.e., comparable with the accuracy of the luminosity distance measurement with SN Ia [7] . The observed dispersion measure of each FRB consists of four components, including that of the Milky Way (DM MW ), the intergalactic medium (DM IGM ), the host galaxies (DM host ) and the FRB sources (DM sour ). In the lack of a reasonable understanding of the physical origin of FRBs, it is not possible to estimate DM sour reliably (see [6] for the discussion within a specific model). Thornton et al. [1] took the sum of DM sour and DM host to be 100 pc cm −3 . Similarly we assume that DM sour is ignorable. The intervening galaxies, if there are, will make the case more complicated. With sufficient FRBs with identified counterparts, the events with intervening galaxy (galaxies) can be excluded without losing significant information. The dispersion measures of Milky Way galaxy along different sightlines have been extensively discussed [14] , which can be reasonably removed from the data. That is why in the following discussion we focus on DM IGM and DM host .
As pointed out in [5] , for individual FRBs, the detected dispersion measures DM IGM (z) can remarkably differ from DM IGM (z) given in eq.(2). For example, at z ∼ 1, the sightline-to-sightline variance in DM IGM (z) (i.e., σ DMIGM (z)) is expected to be ∼ 180 − 400 pc cm −3 , depending on the halo's gas profiles of the ionized baryons (see Fig.1 of [5] ). Correspondingly, the ratio σ DMIGM / DM IGM is within the range of ∼ 16% − 35%. For z > 1.1, the increase of σ DMIGM (z) is only moderate since the high redshift universe is becoming more homogenous. Nevertheless, at z ∼ 1.5, one still has σ DMIGM / DM IGM ∼ 12% − 27%. Such a large σ DMIGM / DM IGM is a serious challenge for using FRBs as a viable cosmic ruler. Fortunately, if there are sufficient FRBs from different sightlines but at very similar redshifts (for example, ∆z ∼ 0.05), their mean DM IGM (z) would be a reasonable approximation of DM IGM (z). We denote the relative deviation as δ(z) ≡ |DM IGM (z) − DM IGM (z)|/ DM IGM (z). With a given probability distribution function of dispersion measures, we carry out the Monte Carlo simulation to estimate δ (The method used in this work is similar to that of [15] ). In Fig.1 The other problem is whether DM host can be ignored or not. For a host galaxy at a redshift z, its contribution to the observed DM is a factor of 1/(1 + z) of the local one (i.e., DM host = DM host,loc /(1 + z)) as the results of the cosmological time dilation and the frequency shift. So the fraction of dispersion measures hosted by the host galaxy is
Since DM IGM increases with z quickly (see the solid line in Fig.2) , if DM host,loc does not and is smaller than a few × 100 pc cm −3 , the using of the "high redshift" FRBs with z ∼ a few as a cosmic ruler will be promising. The question is in reality how large DM host,loc is. For the Milky Way galaxy, the line of sight passing through the central regions of Milky Way galaxy could lead to DMs in excess of 700 pc cm −3 in the central 100 pc [16] , independent of the line-of-sight inclination. As shown in Fig.2 , with such a huge DM host,loc only the FRBs at z > 2 can be used as viable cosmic ruler (i.e., R ≤ 10%). Fortunately, the DMs along the high-latitude sightlines at other sites, for example the sun, can be much lower. Indeed, for FRB 110220, FRB 110627, FRB 110703 and FRB 120127, all DM MW are smaller than ∼ 70 pc cm −3 . The FRBs with such a small DM host,loc at z > 1 are highly needed for our purpose (see Fig.2 ). For the cosmological galaxies, DM host,loc is poorly known. DM host,loc along certain line of sight is dependent on the distribution of electrons in the interstellar medium and most electrons within galaxies are produced when 
FIG. 1:
The possibility to get a δ < δ0 in averaging the inferred dispersion measures as a function of N , the number of events with redshifts ranging from 1 to 1.05. The probability distribution function of dispersion measures used in our Monte Carlo simulation is adopted from [5] (i.e., the solid line plotted in the bottom panel of Fig.2 therein) .
the ultraviolet radiation emitted by newly-formed massive stars ionizes surrounding clouds of gas. Such regions of ionized hydrogen are called HII regions. Thus the distribution of electrons within the galaxy is closely related to the distribution of HII regions. HII regions are found in spiral galaxies and irregular galaxies but rarely seen in elliptical galaxies. Observations of HII regions in nearby spiral galaxies reveal electron densities in the range of 1 − 10 2 cm −3 [17] . However, the distribution of HII regions is quite inhomogeneous and are concentrated in spiral arms. Other regions in the galaxy typically have a much lower electron density. For instance, within a few hundred parsecs of the Sun, Jenkins [18] find n e ∼ 0.04 cm −3 . Thus even in spiral galaxies, there is a good chance to detect FRBs if their origin are not solely confined in HII regions. We are aware that the gas density as well as star-formation rate density in galaxies increase with increasing redshifts, which suggests that galaxies could have a higher abundance of HII region at high-redshifts though it is difficult to quantify based on current observations. However, as shown in Fig. 2 , the DM IGM increases rapidly with increasing redshifts. E.g., at z = 2, the DM IGM is more than 1000 times higher than that at z = 0. This would largely compensate for the increase in the DM host,loc . Nevertheless we'd like to caution that galaxies become younger at progressively higher redshifts, dependent on the physical origin of FRBs, the production rate may be quite different with that at low-redshifts.
Below we examine the possible prospect of FRBs in constraining the cosmological parameter w. We generate a population of 1000 FRBs in different redshifts between 1 and 3. We do not consider the FRBs at lower redshifts since Type Ia SNe [7] and Baryon Oscillation measurements [20] have done excellent jobs. We need ∼ 10 3 FRBs to "smooth" the fluctuation of the dispersion measures caused by the inhomogeneous IGM (see Fig.1 ). With a rate of R FRB ∼ 10 4 sky −1 day −1 , such a FRB sample may be not unpractical. The redshift distribution of FRBs is unknown at this moment. Motivated by a phenomenological fit of the redshift distribution of Gamma-ray Bursts [21] , we simply assume that the redshift distribution of FRBs follows the Erlang distribution f (x; k; λ) = λ k x k−1 e −λx /Γ(k) with the shape parameter k = 2 and the scale parameter λ = 1. Since DM host and DM sour are assumed to be negligible and DM MW is reasonably known, we just simulate DM IGM,obs of each supposed FRB. At the redshift z, the central value of DM IGM,obs is given by eq.(2) and the random fluctuation is calculated with the σ[DM] reported in Fig.1 (the model  3) of [5] .
We then divide these 1000 simulated FRBs into 40 redshift bins with a uniform binwidth ∆z = 0.05, within each of which we average the DM of the FRBs into DM i , where i ranging from 1 to 40 is the number of the bin. In order to get the standard deviation of DM i (σ DM i ), we repeat the same simulation for 10000 times. Each time we generate 1000 FRBs and put them into the same redshift bins and then obtain the DM i . Using the same method as Fig. 1 within each bin, we derive the 68% confidence level of the dispersion of DM i , i.e. σ DMi . The simulated DM − z diagram (similar to the Hubble diagram) of 1000 FRBs is shown in Fig. 3 . Now we have acquired 40 "binned FRBs" to constrain the dark energy equation. The likelihood for the cosmological parameters can be determined from a χ 2 statistic, where [19] ) and the critical DM host,loc for R = 5% (the dash-dotted line) and 10% (the dotted line), respectively. We constrain the w parameter using the 580 SNe Ia [7] solely and using these SNe Ia together with the FRBs, respectively. By calculating and minimizing the χ 2 for a wide range of the parameters in eq.(2) and converting each χ 2 into probability density function, we get the contours, as shown in Fig.4 , with which it is straightforward to see how effectively the FRBs could be used as a cosmological tool. We'd like to caution that such tight constraints are obtained under very optimistic assumptions, i.e., both DM host and DM sour are much smaller than DM IGM . The validity of such assumptions will be unambiguously tested in the future if a group of FRBs with host galaxies have been detected. If instead DM host and DM sour are found comparable to DM IGM , the cosmological studies with FRBs will be hampered unless proper ways to infer DM host and DM sour are available. It may be not unreasonable to expect that as thousands of cosmological FRBs with counterparts/redshift-measurements have been collected in the future, our understanding of the contribution of the host galaxies and the FRB sources to the detected dispersion measures could be revolutionized and their influence on constraining the cosmological parameters might be minimized.
In summary, in the optimistic case that satisfying (i) in each narrow-redshift-bin tens events have been measured; (ii) the most distant FRBs were at z ≥ 3; (iii) the contribution of host galaxies and the FRB sources to the detected dispersion measures can be ignored, FRBs could serve as a viable cosmic ruler and help constrain cosmological parameters for instance the equation of state of dark energy (see Fig.4 ). If some of these assumptions are invalid, the using of FRBs as a cosmic ruler would be challenged. Though in this work we just discuss FRBs, these requests are likely general for using any other kind of cosmological radio transients, if there are, to reliably measure the physical parameters of the universe.
